The pathologic phosphorylation and sub-cellular translocation of neuronal transactive response-DNA binding protein (TDP-43) was identified as the major disease protein in frontotemporal lobar degeneration (FTLD) with ubiquitinated inclusions, now termed FTLD-TDP, and amyotrophic lateral sclerosis (ALS). More recently, TDP-43 proteinopathy has been reported in dementia pugilistica or chronic traumatic encephalopathy caused by repetitive traumatic brain injury (TBI). While a single TBI has been linked to the development of Alzheimer's disease and an increased frequency of neurofibrillary tangles, TDP-43 proteinopathy has not been examined with survival following a single TBI. Using immunohistochemistry specific for both pathological phosphorylated TDP-43 (p-TDP-43) and phosphorylation-independent TDP-43 (pi-TDP-43), we examined acute (n = 23: Survival \ 2 weeks) and longterm (n = 39; 1-47 years survival) survivors of a single TBI versus age-matched controls (n = 47). Multiple regions were examined including the hippocampus, medial temporal lobe, cingulate gyrus, superior frontal gyrus and brainstem. No association was found between a history of single TBI and abnormally phosphorylated TDP-43 (p-TDP-43) inclusions. Specifically, just 3 of 62 TBI cases displayed p-TDP-43 pathology versus 2 of 47 control cases. However, while aggregates of p-TDP-43 were not increased acutely or long-term following TBI, immunoreactivity to phosphorylation-independent TDP-43 was commonly increased in the cytoplasm following TBI with both acute and long-term survival. Moreover, while single TBI can induce multiple long-term neurodegenerative changes, the absence of TDP-43 proteinopathy may indicate a fundamental difference in the processes induced following single TBI from those of repetitive TBI.
Introduction
Since its discovery as the major disease protein in frontotemporal lobar degeneration with ubiquitinated inclusions (FTLD-U), now termed FTLD-TDP, and amyotrophic lateral sclerosis (ALS) [55] , the 43 kDa transactive response (TAR) DNA binding protein (TDP-43) has emerged as important in the pathophysiology of neurodegenerative disease [14, 22, 23, 39, 41, 54, 75] . First identified for its capacity to bind the long-terminal repeat transactive response element of HIV-1 [59] , TDP-43 was later revealed as the primary disease-associated protein in both ALS and FTLD-TDP [55] . It has since been demonstrated that TDP-43 pathology is a secondary feature in several other neurodegenerative diseases including Huntington's disease, Parkinson's disease and Alzheimer's disease (AD) [4, 5, 29, 30, 51, 67, 73] . Further studies suggest TDP-43 pathology may also feature in syndromes of cognitive impairment associated with repetitive traumatic brain injury (TBI) including former boxers with dementia pugilistica [38] and retired American football players with chronic traumatic encephalopathy (CTE) [44] .
While repetitive mild TBI has long been associated with progressive neurodegeneration, epidemiological evidence indicates that just a single traumatic brain injury may trigger or accelerate the onset of Alzheimer's disease (AD) in later life [17, 21, 26, 27, 48-50, 52, 56, 60, 64, 66, 70] . Pathological analyses of individuals who died following a single TBI demonstrate a hallmark AD pathology, amyloid-b (Ab) plaques, in up to 30% of individuals [12, 31, 33, 62, 63, 68, 72] . Moreover, long-term survivors ([1 year) following a single TBI display AD-like neurofibrillary tangles (NFTs) at a younger age and to a greater extent than age-matched controls [36] . These findings suggest a single TBI may trigger or accelerate the formation of pathologies, similar to those observed in AD and dementia pugilistica [15, 16, 19, 61, 71] , as well as in CTE [43, 57, 58] .
However, since it remains unknown whether a TDP-43 proteinopathy is also part of the acute or delayed pathological sequelae of a single TBI, we examined an established cohort of single moderate/severe TBI cases with survival times ranging from 10 h to 47 years postinjury for this pathology.
Materials and methods

Cohort: demographic and clinical data
All tissue was obtained from the TBI Archive of the Department of Neuropathology, Southern General Hospital, Glasgow, UK. Tissue was acquired at routine autopsy and approval for its use was granted by the South Glasgow and Clyde Research Ethics Committee.
Three groups were selected for examination (Table 1 ). Group 1 consisted of patients who died acutely (survival of less than 14 days) following moderate/severe TBI (n = 23). These cases were aged 9-75 years (mean 40 years), included 16 males and 7 females and had survival times from TBI ranging from 10 h to 14 days (mean 3.9 days).
Group 2 comprised an established cohort [36] of longterm survivors of TBI (n = 39). Specifically, all patients survived at least 1 year following injury (survival range: 1-47 years; mean 8.2 years). Cases were aged 19-89 years (mean 53 years) and included 35 males and 4 females. Detailed reports from the diagnostic post-mortem and/or forensic reports were available for all and indicated a history of single moderate-severe TBI, confirmed at diagnostic post-mortem. In all long-term survival cases, patients were discharged from hospital following recovery and, ultimately, died from causes of death unrelated to TBI or trauma-none were in a persistent vegetative state due to TBI prior to death (Table 1) .
Finally, group 3 comprised uninjured, age-matched controls (n = 47). All controls had no documented history of head trauma, AD or Down's syndrome and included 30 males and 17 females ranging in age from 14 to 92 years (mean 47 years). Causes of death are listed in Table 1 .
All three groups are closely demographically matched by virtue of their acquisition at the same institution serving a distinct regional population. Any patients with a history of amateur or professional boxing or any other known history of repetitive head trauma were excluded from this study.
Based on initial immunohistochemical findings specific for the full-length TDP-43 protein, a subset of cases with positive findings from groups 1-3 (n = 5 per group) were further examined using antibodies specific for the extreme N-terminus and C-terminus of TDP-43. Two control cases with an absence of immunoreactivity for the full-length protein were included as negative controls. Positive control tissue was included as described below.
Brain tissue preparation and immunohistochemistry
For all examinations, the intact brain was immersed in 10% formol saline at autopsy and fixed for at least 3 weeks prior to dissection. Sampling using a standardized protocol and paraffin embedding was as described previously [25] . Analyses were performed using sections from: (1) the medial temporal lobe including the hippocampus at the level of the lateral geniculate nucleus extending out through the entorhinal cortex to include the inferior temporal gyrus; (2) the corpus callosum and cingulate gyrus extending through the superior frontal gyrus; (3) the brainstem, including the midbrain pons and medulla. For the TBI group no brainstem tissue was available in 6 cases (2 of which were short-term survivors). Similarly, brainstem tissue was unavailable in 2 control cases. Immunohistochemistry (IHC) was performed on 8-lm sections. Following deparaffinization and rehydration, sections were immersed in aqueous hydrogen peroxide (10 min) to quench endogenous peroxidase activity. Antigen retrieval was performed in a microwave pressure cooker and subsequent blocking achieved using 1 drop of normal horse serum (Vector Labs, Burlingame, CA, USA) per 5 ml of Optimax buffer (BioGenex, San Ramon, CA, USA) for 30 min. Incubation with the primary antibodies was performed for 20 h at 4°C. Specifically, a rat monoclonal antibody specific to TDP-43 abnormally phosphorylated at residues 409/410 (p-TDP-43) [53] at a concentration of 1:500 was used. This antibody does not detect normal, non-phosphorylated TDP-43. In addition, serial sections were stained with a rabbit polyclonal antibody generated against the N-terminal of the fulllength protein, which is phosphorylation independent (pi-TDP-43) and therefore stains both p-TDP-43 and normal non-phosphorylated TDP-43 (1:22 K, Proteintech, Chicago, IL). In addition, a subset of cases with positive findings was stained with antibodies generated against the extreme N-terminal (N-t) region (1065N; rabbit polyclonal; 1:60K) and extreme C-terminal (C-t) region (1039C; rabbit polyclonal; 1:30K) of TDP-43 as described previously [32] .
A biotinylated universal secondary antibody was then applied for 1 h (Vectastain Elite ABC Kit, Vector Labs, Burlingame, CA, USA) followed by an avidin biotin complex as per the manufacturer's instructions (Vectastain Elite ABC Kit, Vector Labs, Burlingame, CA, USA). Finally, visualization was achieved using the DAB peroxidase substrate kit (Vector Labs, Burlingame, CA, USA). Counterstaining with haematoxylin was performed and sections were examined using light microscopy on a Leica DMRB microscope (Leica Microsystems, Wetzlar, Germany).
Positive control tissue for all TDP-43 IHC included sections from cases with a history of FTLD-TDP (frontal lobe) and ALS (brainstem), and a case of clinicopathologically confirmed dementia pugilistica in a former professional boxer known to have extensive TDP-43 pathology. Omission of the primary antibody was performed on the same material to control for non-specific binding.
Observations were conducted blind to the demographic and clinical information for all cases by two independent observers (V.J. and W.S.). IHC was used to generate anatomical maps of observed TDP-43 pathology. For p-TDP-43, the presence of any positive profile was recorded. For pi-TDP-43 IHC, a normal pattern of immunoreactivity was considered to be predominantly nuclear with, at most, a light cytoplasmic 'blush'. Regions with unequivocal cytoplasmic staining were recorded for each case.
Results
Abnormal p-TDP-43 inclusions following TBI
There was no association between a history of TBI, either acutely or following long-term survival, and p-TDP-43 inclusions when compared to uninjured age-matched controls.
Acute TBI
Of the 23 cases that died acutely (survival of less than 14 days) following TBI, only 1 (4.3%) showed immunoreactivity for p-TDP-43. This was an 18-year-old male who died 10 h after sustaining blunt-force trauma to the head (Fig. 1d) . Cytoplasmic p-TDP-43 positive inclusions were identified within the hippocampal formation, predominantly within the CA1 region. No intranuclear pathology was identified and nuclear clearing was evident using the pi-TDP-43 antibody. This case has previously been identified as having NFTs and Ab plaques, also within the medial temporal lobe [36] .
Long-term survival from TBI
Of the 39 cases examined with a history of at least 1 year's survival from TBI, only 2 (5.1%) displayed p-TDP-43 immunoreactivity. One was an 89-year-old female who died 7 years following a motor vehicle collision, which resulted in both intracerebral hemorrhage and brain contusion. Having survived this TBI, the patient was . c Immunoreactivity to p-TDP-43 in the medial temporal lobe of a 76-year-old female control who died acutely following a myocardial infarction and had no previous history of dementia or other neurological disease (scale bar 100 lm). d p-TDP-43 immunoreactivity in the CA1 region of hippocampus of an 18-year-old male who died 10 h following severe TBI (scale bar 100 lm). e, f Nuclear clearing of TDP-43 in cells following TBI as evidenced using the pi-TDP-43 antibody (same case as a, b) scale bar e100 lm, f 30 lm. g, j Granule cells of the dentate gyrus showing TDP-43 proteinopathy in a case of dementia pugilistica demonstrated using antibodies reactive to p-TDP-43 (g) and pi-TDP-43 (j) (scale bar 70 lm). i Extensive TDP-43 pathology observed in the collateral sulcus of the same case of dementia pugilistica (scale bar 100 lm). h A brainstem neuron reactive for the pi-TDP-43 antibody in a case of ALS. Note the clearing of the nucleus (scale bar 50 lm). k Similar cytoplasmic accumulation with nuclear clearing is observed in a case of FTLD (scale bar 50 lm) discharged to the community and died 7 years later from bronchopneumonia complicating colonic adenocarcinoma. Immunoreactivity to p-TDP-43 was found within the transentorhinal cortex, fusiform gyrus and inferior temporal lobe affecting both superficial and deep layers of cortex (Fig. 1a, b , e, f). Immunoreactive profiles were predominantly cytoplasmic with very occasional neuritic profiles observed. No intranuclear pathology was identified and nuclear clearing was evident using the pi-TDP-43 antibody. This case had previously been identified to have widespread thioflavine-S positive NFTs and Abplaques [36] .
The second positive long-term survival case was a 53-year-old male who died 8 years following a TBI from a fall which resulted in subdural hematoma, intracerebral contusions and diffuse axonal injury. This individual went on to recover and died 8 years later from acute pyelonephritis. Only a small isolated cluster of 5-6 cells displayed cytoplasmic p-TDP-43 immunoreactive inclusions within the medulla of this individual, with nuclear clearing evident following staining using the pi-TDP-43 antibody. This case was previously identified to have minimal NFTs in the transentorhinal cortex, yet had no Ab plaques [36] .
Uninjured control cases
Of the 47 controls examined, just 2 cases demonstrated abnormal p-TDP-43 inclusions (4.3%). The first was a 76-year-old female with no documented history of neurological disease or dementia who died acutely from a myocardial infarction. Immunoreactivity to p-TDP-43 was minimal and confined to the superficial layers of the transentorhinal cortex (Fig. 1c) . Again, immunoreactive profiles were predominantly cytoplasmic, with occasional neuritic profiles observed. No intranuclear pathology was identified and nuclear clearing evident using the pi-TDP-43 antibody. This case was also previously identified to have extensive Ab-plaques in the medial temporal lobe, though they were typically diffuse in nature. Moderate NFTs were also observed in the same region [36] .
The second control displaying pathology was a 57-yearold male who died as a result of non-Hodgkin's lymphoma. A small isolated cluster of cells within the medulla displayed cytoplasmic p-TDP-43 immunoreactive inclusions. No plaque or tangle pathologies were present in this case on previous examination [36] .
As expected, the positive controls for TDP-43 immunocytochemistry displayed a typical pattern of immunoreactivity to both the p-TDP-43 and pi-TDP-43 antibodies with multiple p-TDP-43 cytoplasmic inclusions and associated nuclear clearing evident with pi-TDP-43 staining (Fig. 1g-k) .
Increased cytoplasmic immunoreactivity to pi-TDP-43
While TBI cases did not exhibit p-TDP-43 immunoreactive inclusions to a greater extent than the uninjured controls, increased immunoreactivity to pi-TDP-43, was commonly observed in the cytoplasm following TBI when compared to uninjured controls (Fig. 2) . However, positive nuclear staining remained in all examples, with no nuclear clearing characteristic of the TDP-43 proteinopathies.
The vast majority of controls displayed no cytoplasmic pi-TDP-43 immunoreactivity (Fig. 2a-d) , with only 15 of 47 (31.9%) positive and with staining almost exclusively observed in the brainstem. Only 2 (4.3%) controls displayed cytoplasmic staining in the cortex.
Increased cytoplasmic immunoreactivity for pi-TDP-43 was commonly and most extensively observed following acute TBI, with almost all cases (20 of 23; 86.9%) displaying cytoplasmic pi-TDP-43 immunoreactivity to some degree ( Fig. 2e-j) . While no distinct regional pattern was observed, increased pi-TDP-43 immunoreactivity was frequently extensive and observed in all regions examined including the cortex and brain stem. Indeed, cortical pi-TDP-43 staining was common, being present in 19 of 23 cases (82.6%) in this group.
In the long-term survival group, where there was a minimum 1 year survival from TBI, there was also Fig. 2 Pi-TDP-43 Immunoreactivity. a-d Controls with immunoreactivity to the antibody specific for pi-TDP-43. Sections display neuronal somata with a well-circumscribed nucleus and minimal or absent staining within the cytoplasmic compartment. a A region of the pons in a 16-year-old male who died following inhalation of gastric contents. b-c Regions of the cingulate gyrus and hippocampus, respectively in a 39-year-old female who died following a sudden unexplained death due to epilepsy. d The CA4 region of the hippocampus in a 22-year-old male who died acutely following a gun shot wound to the chest. All scale bars 100 lm. e-j Immunoreactivity specific for pi-TDP-43 acutely following TBI. In contrast to typical staining in TDP-43 proteinopathies, the nuclei remain positively stained. However, increased immunoreactivity within the cytoplasm is apparent and often extends into processes. e-f Regions of the cingulate gyrus and hippocampus, respectively in a 41-year-old male who died 20 h following TBI caused by a fall (scale bars 100 lm). g The medulla in a 16-year-old male 84 h following TBI caused by violent assault including blunt-force trauma to the head (scale bar 100 lm). h The midbrain of a 58-year-old male who died 6 h following TBI caused by a fall (scale bar 100 lm). i-j Individual neurons in the midbrain and medulla respectively of a 56-year-old female who died 72 h also following TBI caused by a fall (scale bars 50 lm). k-n Immunoreactivity specific for pi-TDP-43 in patients who survived at least 1 year following TBI. k, m The CA3 region of the hippocampus and a region of the medulla, respectively in a 50-yearold male who died 1 year following a TBI caused by violent assault. Cause of death was bronchopneumonia l. A region of the pons in a 42-year-old male who died 7 years following a TBI caused by a fall. The patient died as a result of an acute cardiac event. n The cingulate gyrus in a 37-year-old male who died 4 years following a fall. The cause of death was attributed to bronchopneumonia. All scale bars 100 lm c increased cytoplasmic pi-TDP-43 immunoreactivity compared to controls, although this was generally less extensive than observed acutely following TBI (Fig. 2k-n) . Specifically, 28 of 39 (71.8%) had increased cytoplasmic immunoreactivity and with 21 of 39 (53.8%) demonstrating increased cytoplasmic pi-TDP-43 immunoreactivity in the cortex.
Cytoplasmic staining was diffuse in nature and frequently extended into processes. Notably, neurons that demonstrated cytoplasmic immunoreactivity for pi-TDP-43 frequently displayed altered morphology, including shrunken cell bodies and an angular appearance.
A relative absence of N-t truncated and C-t fragments of TDP-43
In order to determine the presence of N-truncated or C-terminal fragments of TDP-43, a subset of 5 cases per group displaying increased cytoplasmic immunoreactivity for the full-length pi-TDP-43, were examined using antibodies raised against the extremes of the N-t and C-t [32] .
In cases displaying positive cytoplasmic staining for full-length pi-TDP-43, comparatively weak cytoplasmic immunoreactivity was observed when using antibodies raised against the N-t and C-t in serial sections (Fig. 3a-f) . Notably, both N-t and C-t antibodies revealed immunoreactivity indicative of normal nuclear TDP-43 consistent with previous observations [32] (Fig. 3a-i) . Given that both the N-t and C-t antibodies detect endogenous nuclear TDP-43, the comparatively diminished immunoreactivity in the cytoplasm to these antibodies, when compared to the robust immunoreactivity observed to the full-length pi-TDP-43 antibody, indicates that the observed cytoplasmic TDP-43 immunoreactivity most likely is full-length rather than truncated TDP-43, while the affinities of the N-t and C-t antibodies to TDP-43 may be less than pi-TDP-43 to account for their diminished immunoreactivity relative to pi-TDP-43 antibody. This, compared to positive controls (including cases of dementia pugilistica, FTLD and ALS), where pathological inclusions displayed greatly increased immunoreactivity to the C-terminus, is consistent with previous observations [32] . Fig. 3 Immunoreactivity to full-length pi-TDP-43, and the N-terminus and C-terminus of TDP-43. Cytoplasmic and nuclear immunoreactivity specific for a pi-TDP-43, b the extreme N-terminus of TDP-43 and c the extreme C-terminus of TDP-43 in a 41-year-old male who died 20 h following TBI caused by a fall. Scale bars a-c 50 lm. d-f Cytoplasmic and nuclear immunoreactivity specific for d pi-TDP-43, e the extreme N-terminus of TDP-43 and f the extreme C-terminus of TDP-43 following TBI in a 48-year-old male who died 3 years following injury caused by a fall. Scale bars d-f 50 lm). g Cytoplasmic TDP-43 inclusions with associated nuclear clearing identified using pi-TDP-43 specific antibody in the granule cells of the dentate gyrus in a case of dementia pugilistica (pathology indicated by arrows). h Cytoplasmic TDP-43 inclusions with associated nuclear clearing identified using an antibody specific for the extreme N-terminus of TDP-43 in the same case and region as g. Pathology indicated by arrows. i Cytoplasmic TDP-43 inclusions with associated nuclear clearing identified using an antibody specific for the extreme C-terminus of TDP-43 in the same case and region as g, h. Pathology indicated by arrows. Scale bars g, h 70 lm)
Discussion
Based on these results, it does not appear that a classical TDP-43 proteinopathy is a feature of either acute or longterm survival from a single TBI. This relative absence of pathological, p-TDP-43 positive inclusions differs from AD (a secondary TDP-43 proteinopathy [4, 5, 29, 30, 51, 73] ) and the pathologies described in material from patients with a history of repetitive head injury, such as the limited case descriptions of CTE in former American football players and dementia pugilistica in former boxers [38, 44] . These data suggest there is perhaps a different spectrum of long-term pathological processes induced by a single, compared with repetitive TBI and AD. As such, TDP-43 IHC may be important in differentiating the chronic neuropathology of a single TBI from that of repetitive injury. However, while pathologic inclusions were absent following single TBI, increased cytoplasmic immunoreactivity to TDP-43, independent of its phosphorylation status, was frequently observed by pi-TDP-43 IHC. This may indicate increased cytoplasmic TDP-43 is part of a normal injury response.
While the normal functions of TDP-43 have not been comprehensively characterized, it has been identified as a regulator of both gene expression [1, 2] and exon splicing [6, 10, 45, 74] , most likely via its DNA and RNA binding capabilities [8, 9, 11, 14] . Accordingly, though synthesized in the cytoplasm, TDP-43 predominantly resides within the nuclear compartment of both neurons and glia under physiological conditions [55] . By comparison, in neurodegenerative disease, TDP-43 accumulates within the cytoplasm as relatively insoluble, truncated, ubiquitinated and hyperphosphorylated inclusions [28, 34, 53, 55] . The mechanisms leading to these changes are not well understood; however, damage to axons has been implicated as a potential trigger for the cytoplasmic redistribution of TDP-43 and is of particular relevance to TDP-43 proteinopathies observed where there is a history of repetitive mild TBI.
Damage to axons or diffuse axonal injury (DAI) is one of the most common pathologies of TBI [3, 18, 20] and has been documented in all severities of TBI, including mild TBI/concussion [7] . In addition, axonal pathology has been indicated as a potential mechanism by which AD-like pathologies are initiated post-TBI [35] . Specifically, the extensive accumulation of amyloid precursor protein (APP) within damaged axons post-TBI has been revealed as a potential source of Ab plaques both acutely and with longterm survival following a single TBI [12, 13, 35, 69, 72] . Moreover, due to tau protein's primary physiological function as a microtubule stabilizer in axons, it is suspected that traumatic injury to axons may contribute to the dysregulation of tau and NFT formation [36] .
Recent reports have implicated axonal injury as a modulator of TDP-43 homeostasis [46, 47, 65] . Specifically, axotomy of mouse spinal motor neurons resulted in upregulation of TDP-43 with associated relocalization to the cytosolic compartment in vivo [46, 47] . Similar results were observed following ligation of mouse hypoglossal neurons [65] . Moreover, as axons recovered over time, TDP-43 was restored to the nucleus, suggesting the transient redistribution of TDP-43 may be potentially beneficial [47, 65] . Of note, cytoplasmic redistribution of TDP-43 in the absence of abnormal phosphorylation has also been observed following acute cerebral ischemia in rats [37] . Similarly, our results show that, following TBI, immunoreactivity to phosphorylation-independent TDP-43 using pi-TDP-43 IHC can be observed within the cytoplasmic compartment acutely following injury and in some cases may persist long term. This may represent an increase in TDP-43 post-TBI, but it might also reflect a change in epitope exposure or other factors, thereby underlining the need for direct quantification of TDP-43 in traumatically injured brain using biochemical analyses. Notably, strong cytoplasmic immunoreactivity was observed to the antibody recognizing full-length pi-TDP-43, compared to relatively weaker immunoreactivity observed with N-terminus and C-terminus specific antibodies. Moreover, immunoreactivity for truncated species of TDP-43 was considerably weaker than positive control cases, which, as expected, displayed robust immunoreactivity for the C-terminus in pathological inclusions. Whilst this strongly suggests that it is the full-length, non-truncated species of TDP-43 accumulating within the cytoplasm, again, direct biochemical analyses are indicated for confirmation. Further, the affinities of the N-t and C-t antibodies to TDP-43 may be less than pi-TDP-43 to account for their diminished immunoreactivity relative to pi-TDP-43.
Notably, neurons with increased cytoplasmic TDP-43 immunoreactivity frequently displayed an abnormal morphology. This may suggest TDP-43 simply accumulates within the cytoplasm as a consequence of nuclear membrane breakdown in degenerating neurons. Future studies to characterize neurons immunoreactive for TDP-43 using pi-TDP-43 IHC will be important. Similarly, it has been reported that acutely injured tissue has an increased propensity for non-specific antibody binding. However, the morphological appearance of positive cells, regional patterns and distribution of staining, and immunoreactivity with survival of many years suggests that non-specific binding is unlikely occurring in the cases described.
Alternatively, an increased presence of TDP-43 within the cytoplasm supports the hypothesis that it may be an important modulator of the injury response, perhaps via trafficking of mRNA species to the cytosol [47] .
Interestingly, TDP-43 was observed to co-localize with markers of transport and stress granules in both the somata and the axonal compartment following axotomy in vivo [47] and following exposure to various stressors including oxidative stress, heat shock and thapsigargin in vitro [42] . Moreover, TDP-43 was identified as important in both the assembly and maintenance of stress granules in vitro under conditions of oxidative stress, suggesting a potential role in regulating stress-induced gene expression [42] . Examination of the interplay between stress granule formation and TDP-43 dynamics following TBI will be an important future consideration.
While the potential mechanisms driving cytosolic accumulation of pi-TDP-43 post-injury require further examination, it is notable that following human TBI and in rodent models of axotomy/ischemia, aggregated, ubiquitinated TDP-43 inclusions characteristic of neurodegenerative disease were absent [37, 46, 47, 65] . Further, TDP-43 pathology does not appear to be a reactive response to diverse injuries [40] . While abundant inclusions have been identified at post-mortem in a limited number of cases in which there is a history of repetitive mild TBI [38, 44] , these are not a feature of single TBI. It is possible that only multiple insults, persistently reinforcing the acute upregulation of TDP-43, are sufficient to cause aggregation and associated proteinopathy.
Of the small number of cases where TDP-43 inclusions were identified in this cohort, the two cases with the most significant pathology were aged 89 (long-term TBI group) and 76 (control), respectively. Increasing evidence suggests TDP-43 proteinopathy may be a feature of so-called 'normal aging', similar to that observed for Ab plaques and NFTs. Indeed, the largest examination of TDP-43 proteinopathy in 'normal' controls to date demonstrated that approximately 29% of individuals over the age of 65 displayed some degree of TDP-43 pathology [24] . By comparison, individuals aged less than 65 had no significant pathology. Moreover, the burden of pathology was observed to increase with advancing age suggesting an agerelated mechanism [24] . Notably, we also observed very minimal TDP-43 inclusions in the medulla of two cases aged 53 (long-term TBI group) and 57 (control). While there is not currently a precedent to indicate that pathology in these cases is age-associated, the evidence presented indicates that it is unlikely attributable to TBI. In addition, TDP-43 pathology was observed in the medial temporal lobe of one 18-year-old individual who died acutely following TBI. TDP-43 proteinopathy in such a young individual renders this case an outlier, both within the context of the data presented here and indeed the known literature. With no known history of neurological disease or of repetitive TBI in this case, there is no clear explanation for the observed findings. However, as the only acute TBI case within the cohort displaying TDP-43 positive inclusions, there is insufficient evidence to suggest this finding is associated with acute brain injury.
The lack of association between single TBI and TDP-43 proteinopathy brings to light a fundamental difference in the pathology observed in cases where there is a history of repetitive versus single TBI. Notably, both tau pathologies and Ab plaques have been identified in a proportion of cases following chronic survival from single TBI [36] . To date, there are only limited short series showing an association between a history of repetitive TBI and TDP-43 proteinopathy. Here, using a large series across a temporal survival range, we find no association between a single moderate/severe TBI and TDP-43 inclusions. Further elucidation of the physiological role of TDP-43 in the injury state will undoubtedly be important in comprehending its evolution into aggregated inclusions.
